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An Antibody Blocking Activin Type II Receptors Induces Strong
Skeletal Muscle Hypertrophy and Protects from Atrophy
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The myostatin/activin type II receptor (ActRII) pathway has been identified to be critical in regulating skeletal muscle size. Sev-
eral other ligands, including GDF11 and the activins, signal through this pathway, suggesting that the ActRII receptors are major
regulatory nodes in the regulation of muscle mass. We have developed a novel, human anti-ActRII antibody (bimagrumab, or
BYM338) to prevent binding of ligands to the receptors and thus inhibit downstream signaling. BYM338 enhances differentia-
tion of primary human skeletal myoblasts and counteracts the inhibition of differentiation induced by myostatin or activin A.
BYM338 prevents myostatin- or activin A-induced atrophy through inhibition of Smad2/3 phosphorylation, thus sparing the
myosin heavy chain from degradation. BYM338 dramatically increases skeletal muscle mass in mice, beyond sole inhibition of
myostatin, detected by comparing the antibody with a myostatin inhibitor. A mouse version of the antibody induces enhanced
muscle hypertrophy in myostatin mutant mice, further confirming a beneficial effect on muscle growth beyond myostatin inhi-
bition alone through blockade of ActRII ligands. BYM338 protects muscles from glucocorticoid-induced atrophy and weakness
via prevention of muscle and tetanic force losses. These data highlight the compelling therapeutic potential of BYM338 for the
treatment of skeletal muscle atrophy and weakness in multiple settings.

keletal muscle wasting occurs in a variety of pathophysiologi-

cal settings, including sepsis, renal failure, diabetes, chronic
obstructive pulmonary disease (COPD), and cancer. Further-
more, muscle atrophy arises after injury because of muscle inac-
tivity resulting from casting, immobilization, or prolonged bed
rest (1) and also as a result of the age-related loss of skeletal muscle
known as sarcopenia, which is part of the broader syndrome of
frailty often observed in elderly individuals (2, 3). Extensive stud-
ies have documented the key role of myostatin as a negative regu-
lator of skeletal muscle mass, acting primarily via the activin type
IIB receptor (ActRIIB) (4). After myostatin’s discovery (5), there
were numerous subsequent observations that myostatin loss-of-
function mutations in a range of species, including cattle, sheep,
dogs, and humans, all resulted in a significant increase in muscle
mass (6-9). In addition to myostatin (5, 6), other negative regu-
lators of muscle mass have been reported to signal through Ac-
tRIIB, including activin A (10-13), while some uncertainty with
regard to the contribution of the closely related GDF11 at regulat-
ing muscle mass and function remains (13-15). However, a broad
survey of transforming growth factor § (TGF-[3) ligands that were
capable of blocking muscle differentiation and inducing muscle
fiber atrophy included GDF11, activins A and B, and TGF- itself
(16).

Myostatin, GDF11, and activins (A and B) bind to and signal
through either the ActRIIA or ActRIIB receptor on the cell mem-
brane, with ActRIIB initially identified to be myostatin’s prime
receptor (13,17, 18). Upon binding to ActRII, the ligand and type
II receptor form a complex with a type I receptor, either activin
receptor-like kinase 4 (ALK4) or ALKS5, to stimulate the phos-
phorylation of the Smad2 and Smad3 transcription factors in the
cytoplasm. Phosphorylated Smad2/3 are then translocated to the
nucleus and modulate the transcription of target genes, including
MyoD (4, 16).
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Myostatin’s inhibition of muscle differentiation and hypertrophy
has been reported to occur at least partially through a Smad2/3 phos-
phorylation-dependent blockade of the AKT-mTOR pathway;
treatment of muscle with myostatin or activin results in a decrease
in the level of phosphorylated AKT (16, 19), which is required for
muscle differentiation in the myoblast (19) and which mediates
muscle hypertrophy in the myofiber (20). However, in the absence
of AKT isoforms, i.e., in AKT1- and AKT2-knockout mice,
ActRIIB inhibition, likely via myostatin and activin blockade,
could still increase muscle size and function (21), indicating that
there are non-AKT-mediated components of the overall myosta-
tin response.

In addition to myostatin, there are other TGF-3 family mem-
bers induced in muscle by inflammatory cytokines. In particular,
activin A has been found to be upregulated in skeletal muscle after
activation of the tumor necrosis factor alpha/TAK-1 signaling
pathway (12). Furthermore, inhibition of activin A in this model is
sufficient to block atrophy. This finding demonstrates that, simi-
lar to the case of individual cytokines, blocking individual TGF-3
family members such as myostatin alone may not be sufficient in
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settings such as cancer cachexia. Many human cancers present
with altered expression of activin A, associated with a more ma-
lignant phenotype (22, 23), and tumors can also induce the release
of activin A from muscle (12). Intervention at the ActRIIB path-
way level under cancer cachexia conditions in mice showed a clear
benefit not only for muscle preservation but also for overall sur-
vival, without affecting tumor growth (24).

Mice engineered to overexpress either the myostatin propep-
tide (which inhibits only myostatin signaling), the naturally oc-
curring myostatin and activin inhibitor follistatin, or a dominant
negative form of the ActRIIB all led to mice display increases in
muscle mass even greater than those observed in the myostatin
mutant (18).

Multiple myostatin pathway pharmacological inhibitors have
recently been generated, given the therapeutic potential of stimu-
lating muscle growth or preventing muscle loss in settings of hu-
man disease. These include neutralizing antibodies to myostatin
(25), a modified myostatin propeptide which blocks myostatin
(26), and a soluble ActRIIB-Fc receptor trap (10, 21, 24, 27), all of
which increase postnatal muscle growth in mice. Administration
of soluble ActRIIB led to muscle hypertrophy in normal and myo-
statin-knockout mice, suggesting that other ligands, in addition to
myostatin, normally function to limit muscle growth (10). Thus,
the capacity for modulating muscle growth by perturbing this
signaling pathway at the receptor level is much greater than that
achieved by blocking myostatin only. Given these prior data, it
seemed possible that blockade of ActRII through a direct neutral-
izing antibody approach would significantly reduce the activity of
myostatin and other ligands that inhibit skeletal muscle growth by
signaling through these receptors. Evidence for the therapeutic
potential of this approach for the treatment of multiple conditions
associated with muscle wasting is presented here.

MATERIALS AND METHODS

Material and reagents. All of the proteins described here were pro-
duced at Novartis Pharma AG (Basel, Switzerland). These included
myostatin propeptide D76A, ActRIIB-amyloid precursor protein
(ActRIIB-APP), ActRIIA-APP (bimagrumab, or BYM338), an anti-
ActRII antibody, and CDD866, a murinized version of BYM338, where
the human Fc region of the antibody has been replaced by a mouse Fe.
Fiber typeT, ITa, and IIb rabbit polyclonal antibodies were kindly provided
by the Novartis Biologic Units. Recombinant proteins, GDF8, and activin
A were from R&D Systems. The fiber type IIx (BF35) rabbit polyclonal
antibody was from the Developmental Studies Hybridoma Bank (DSHB).
Dexamethasone 21-phosphate disodium salt was from Sigma-Aldrich.
The following were used: anti-myosin heavy chain (anti-MyHC; Upstate
Biotechnology); Alexa Fluor 488-F(ab’), Alexa Fluor 565, Alexa Fluor 350,
Alexa Fluor 488, and Alexa Fluor 555 (Invitrogen); phospho-Smad2
(Ser465/467), phospho-Smad3 (Ser423/425), phospho-AKT (Ser473), to-
tal Smad2, total AKT, and antidesmin (Cell Signaling Technology); anti-
myosin (skeletal, fast and slow) and anti-a-tubulin (Sigma-Aldrich); anti-
myogenin F5D (BD Biosciences); GAPDH (glyceraldehyde-3-phosphate
dehydrogenase; Life Technologies); and rabbit polyclonal antibody
against laminin (Sigma).

SET. Solution equilibrium titration (SET) experiments were per-
formed as described by Haenel et al. (28); however, a plate-based assay
setup was used for detection. In brief, dilution series of monomeric anti-
gens were prepared, and BYM338 was added at a constant antibody con-
centration. After overnight incubation, the antibody-antigen preparation
was transferred into an antigen-coated High Bind microtiter plate (Meso
Scale Discovery) for 25 min. After washing, electrochemiluminescence
detection was achieved with 25 wl of 1 pg/ml sulfo-Tag-labeled goat anti-
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human detection antibody (MesoScale Discovery) and 50 wl of read buf-
fer (MesoScale Discovery) per well using a Sector Imager 6000 reader
(MesoScale Discovery).

Cell lines and treatments. Adult human skeletal muscle cells (from
50- and 51-year-old donors) (Cook Myosite, Pittsburgh, PA) were cul-
tured in growth medium consisting of myotonic basal medium supple-
mented with myotonic growth supplement (Cook Myosite), 20% fetal calf
serum (FCS; PAA Laboratories), 10 pg/ml insulin (Amimed Direct Ltd.,
United Kingdom), and 0.1% gentamicin (Life Technologies Ltd., Paisley,
United Kingdom). For differentiation experiments, cells were seeded on
collagen I (Gibco, Life Technologies Ltd., United Kingdom). Differentia-
tion was initiated 24 h after seeding by changing to differentiation me-
dium consisting of myotonic differentiation medium supplemented with
2% horse serum (PAA Laboratories), 1% FCS, 0.1% gentamicin. Cells
were starved for at least 4 h in myotonic differentiation medium supple-
mented with 0.05% bovine serum albumin (BSA; Sigma-Aldrich), before
treatment. Fetal human skeletal muscle cells (7F, 11F; Lonza) were cul-
tured on Matrigel matrix (BD Biosciences) in growth medium consisting
of skeletal muscle basal medium (skBM; Lonza) supplemented with 20%
FCS. Differentiation was initiated 24 h after seeding by changing to se-
rum-free medium consisting of skBM plus 0.5% gentamicin (Invitrogen).
Cells were stimulated with myostatin or activin A alone or in the presence
of BYM338 during the necessary time according to the assay.

Reporter gene assay. The Smad2/3 response was evaluated in a
CAGAI12-luciferase reporter assay using HEK293T cells stably transfected
with pGL3-CAGA12-Luc. Cells were seeded in serum-reduced medium
(2% FCS) for 24 h, prior to cell stimulation with myostatin or activin A
alone or in the presence of BYM338 for another 24 h. Luciferase activity
was measured using Britelite Plus reagent (PerkinElmer).

CK activity assay. A creatine kinase (CK) activity assay was performed
as described previously (12).

Immunostaining and myotube size analysis. To analyze changes in
myotube size, differentiating myoblasts or differentiated myotubes were
washed with cytoskeleton stabilizing buffer (CSB) consisting of 80 mM
PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], 5 mM EGTA, 1 mM
MgCl,, polyethylene glycol 35000 (40 g/liter) in distilled water (pH 7.4)
and fixed with 4% paraformaldehyde in CSB for 15 min at room temper-
ature. Cells were then permeabilized with 0.2% Triton in CSB, and non-
specific binding was blocked with 10% normal goat serum (Zymed),
followed by incubation with anti-MyHC antibody diluted in phosphate-
buffered saline (PBS), 1.5% goat serum, and, subsequently, Alexa Fluor
488 diluted in PBS supplemented with DAPI (4',6-diamidino-2-phe-
nylindole) solution (Promokine; Promocell, Heidelberg, Germany). The
diameter of the myotubes from the entire well was measured using the
Cell Insight technology. Data are expressed as the mean width compared
to that for the control. A fusion index was calculated as the average num-
ber of nuclei per myotube. A differentiation index was calculated as the
percentage of nuclei in MyHC-positive cells relative to the total number of
nuclei.

Phosphorylation analysis using the AlphaScreen SureFire protocol
for P-Smad3. Samples were prepared with PhosphoSafe lysis buffer as
described below in “Immunoblotting.” The AlphaScreen SureFire proto-
col for phosphorylated Smad3 (P-Smad3; P-Ser423/425) was performed
according to the manufacturer’s instructions in a 384 ProxiPlate. The
signal was read using a SpectraMax Paradigm absorbance detection car-
tridge (Molecular Devices, Sunnyvale, CA) with an AlphaScreen car-
tridge.

Phosphorylation analysis using a Meso Scale Discovery kit for P-
AKT. Quantitative determination of phosphorylated AKT (P-AKT;
Ser473) in whole-cell lysate was performed using an AKT Signaling Panel
II whole-cell lysate kit (K15177D-1) and normalized on an AKT Signaling
Panel II base kit (K12177A-3) from MesoScale Discovery using a
MesoScale Discovery reader according to the manufacturer’s instruction.

Immunoblotting. Cells were lysed with PhosphoSafe lysis buffer (No-
vagen Inc., Madison, WI) supplemented with protease inhibitor cocktail
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(Calbiochem, Merck, Millipore, Germany) for Smad and AKT or with
radioimmunoprecipitation assay buffer (Pierce; Rockford, IL) supple-
mented with 1% Halt protease (Thermo Fisher Scientific Inc., Waltham,
MA) and 1% phosphatase inhibitor cocktail (Calbiochem) for MyHC and
myogenin. Briefly, homogenates were separated by centrifugation for 15
min at 4°C (14,000 rpm). Supernatants were collected, and protein con-
tents were measured with a bicinchoninic acid kit (Pierce). Samples were
solubilized in SDS-PAGE sample buffer supplemented with beta-mercap-
toethanol (Sigma-Aldrich). Equal amounts of protein were loaded per
lane. For Smad, AKT, and myogenin analysis, samples were loaded in a 4
to 12% polyacrylamide gel (NuPAGE bis-Tris gel; Invitrogen) and trans-
ferred onto nitrocellulose membranes (Invitrogen) using a Semi-Dry 1
blot system (Invitrogen). For MyHC fast and slow analysis, the samples
were loaded in a 3 to 8% Tris-acetate gel (Invitrogen) and transferred onto
polyvinylidene difluoride membranes (Invitrogen) using a wet transfer
system (Invitrogen) in the presence of 10% methanol (Sigma-Aldrich).
Membranes were blocked in Tris-buffered saline (TBS) with 5% milk
powder. Primary and secondary antibodies were incubated in TBS with
0.1% Tween 20 and 5% milk or 5% BSA. Immunoreactivity was detected
by chemiluminescence using SuperSignal West Femto maximum-sensi-
tivity substrate (Thermofisher), the ECL Plus reagent (Amersham), or the
ECL reagent (Amersham) and exposed to film.

RNA isolation from muscle samples and analysis. RNA was isolated
from the mouse tibialis muscle with a TRIzol Fast Prep kit (Invitrogen), ac-
cording to the manufacturer’s instructions. cDNA synthesis was performed
with a high-capacity cDNA reverse transcription kit (Applied Biosystems).
Real-time PCR was performed with an Applied Biosystems 7500 Fast PCR
machine. The TagMan probe sets for muscle RING finger 1 (MuRF1;
MmO01185221_m1), muscle atrophy F box (MAFbx; Mm00499518_m1),and
GAPDH (Mm4352339E) were purchased from Applied Biosystems.

Animal efficacy studies. (i) BYM338 in naive mice. Animal experi-
ments were performed in accordance with the Swiss ordinance on animal
experimentation after approval by cantonal veterinarian authorities un-
der license number BS-2127. Ten-week-old CB17/ICR-Prkdcscid/Crl
(SCID) female mice were obtained from Charles River, Germany, and
maintained in a 12-hour light-12-hour dark cycle with unrestricted access
to a regular diet containing 18.2% protein and 3.0% fat with an energy
content of 15.8 MJ/kg (NAFAG 3890; Kliba-Nafag, Basel, Switzerland)
and water. After 7 days of acclimation in the facility, the mice were ran-
domized to treatment groups by body weight before starting the experi-
ment and treated once weekly with BYM338 at 6 mg/kg of body weight or
20 mg/kg subcutaneously (s.c.). Body weights were determined once
weekly. After 4 weeks, the mice were euthanized with CO,. Serum was
collected, and the tibialis anterior muscle and the gastrocnemius muscle
with the plantaris, soleus, and extensor digitorum longus (EDL) muscles
were collected and weighed. RNA samples were extracted from the gas-
trocnemius muscle of mice after 4 weeks of treatment with BYM338 at 20
mg/kg or vehicle (n = 8). In a following experiment comparing BYM338
at 10 mg/kg to myostatin propeptide D76A at 30 mg/kg, the SCID mice
were treated once weekly for 5 weeks, with an additional administration
on day 3.

(ii) Chimeric BYM338 in myostatin-deficient mice. Adult male ho-
mozygous C57BL/6]J-Mstnlean/J mice (referred to as Mstn™™* mice) 15
to 20 weeks of age were purchased from The Jackson Laboratory (stock
009345). Age-matched male C57BL/6] mice were purchased from Charles
River Laboratories. Mice were housed at three per cage in a temperature-
and humidity-controlled environment with 12-h light-12-h dark cycles
and free access to standard rodent chow (Kliba-Nafag, Kaiseraugst, Swit-
zerland) and tap water. Animals were acclimatized to their housing con-
ditions for 4 weeks and randomized to treated and untreated groups accord-
ing to body weight and lean mass. Wild-type (wt) mice (n = 10/group) and
Mstn™™™" mice (n = 8/group) were treated with a subcutaneous injection of
PBS or CDD866 (murinized BYM338) at 20 mg/kg on days 0, 7, 14, 21, and
28. Body weight was measured weekly, and fat and lean masses were measured
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on day 0 and day 21 using a mouse body composition nuclear magnetic
resonance (NMR) analyzer (Minispec LF50; Bruker Optics, Germany).

(iii) BYM338 in mouse glucocorticoid-induced myopathy model.
Adult 4-month-old male C57BL/6 mice were purchased from Taconic
Laboratories and acclimated to the facility for at least 7 days. They were
randomized by body weight into groups of 10 mice each, housed at 2 mice
per cage in a temperature-controlled (72°F) and humidity-controlled
(43%) room, and maintained on a 12-h light—12-h dark cycle. All mice
were fed a standard rodent diet (5053, PicoLab Rodent Diet 20; LabDiets).
Food and water were provided ad libitum. This study was performed ac-
cording to protocol 08 MG 0274, approved by the Novartis Institutes for
Biomedical Research (NIBR) Institutional Animal Care and Use Commit-
tee. All procedures used in the study were in compliance with Animal
Welfare Act Regulations 9 CFR Parts 1, 2, and 3 and U.S. regulations (29).
For glucocorticoid-induced skeletal muscle atrophy and weakness, dexa-
methasone (DEX) was administered to mice via the drinking water at a
dose of 2.4 mg/kg/day. To evaluate whether BYM338 prevents DEX-in-
duced myopathy, BYM338 was administered at 5 or 20 mg/kg/week sub-
cutaneously during the 14 days of DEX administration. To evaluate
whether BYM338 facilitates muscle recovery after DEX-induced myopa-
thy, mice were administered DEX at ~2.4 mg/kg/day for the first 21 days
and administered BYM338 at 5 and 20 mg/kg or the I[gG1-LALA isotype at
20 mg/kg intraperitoneally (i.p.) on days 21, 23, and 28. Mice that did not
receive DEX in water served as experimental controls. Because adminis-
tration of DEX caused an increase in drinking, the concentration of DEX
was adjusted periodically, whenever water intake changed by 2 ml/day, in
order to maintain the dose at 2.4 mg/kg/day. At the end of the experiment,
peak nerve-evoked tibialis muscle force was assessed using a muscle phys-
iology system (Aurora Scientific, Inc., Aurora, Ontario, Canada) as de-
scribed previously (30) but with the baseline tension on the tibialis muscle
setat ~5 g, which yielded the peak evoked force. The peak force generated
during stimulation at 240 Hz was measured as the peak tetanic force. After
assessment of evoked muscle strength, euthanasia was performed by CO,
asphyxiation, blood was collected by cardiac puncture to obtain serum,
and skeletal muscle from the hind legs (tibialis anterior, gastrocnemius-
soleus-plantaris complex, and quadriceps muscles) and heart, liver,
spleen, and perirenal white adipose tissues were rapidly dissected out and
weighed. The right tibialis anterior muscle was snap-frozen in 2-methyl-
butane precooled in liquid nitrogen for histological analysis, while all
other muscles and tissues were snap-frozen directly in liquid nitrogen and
stored at —80°C. Alternatively, the tibialis muscle was dissected, fixed in
10% buffered formalin or embedded in OCT specimen matrix compound
(Tissue-Tek), and frozen in cooled isopentane for histology analysis.
Specimens embedded in paraffin were processed by the conventional he-
matoxylin-eosin method.

Fiber cross-sectional area analysis. Ten-micrometer-thick serial sec-
tions of the frozen gastrocnemius muscle with plantaris were cut in a
cryostat. For immunohistochemical detection of laminin to outline the
sarcolemma, cryosections were permeabilized with 0.5% Triton X-100
and blocked in 2% goat serum. Sections were incubated for 5 min in 5%
H,0, and then with rabbit polyclonal antibody to laminin and monoclo-
nal antibody against type I (1:100) or type IIa (1:200), type IIb (1:100), or
type IIx (1:500) fiber overnight at 4°C. After washing in PBS three times
for 10 min each time, sections were incubated with Alexa Fluor 488 anti-
rabbit secondary antibody (1:100; Invitrogen) for 1 h at 25°C, followed by
three washes in PBS to detect laminin. Sections were then incubated with
secondary antibody, Alexa Fluor 555, Alexa Fluor 350, Alexa Fluor 555,
and Alexa Fluor 350 (all at 1:200 for 1 h at 25°C), to reveal type I, IIa, IIa,
and IIx fibers, respectively, followed by three washes in PBS. Slides were
mounted with ProLong Gold antifade reagent (Invitrogen). Images of the
entire tissue section were acquired using an Olympus scan VS120 micro-
scope (Olympus Corporation), and the cross-sectional area of the indi-
vidual fibers in the section as well as their number was measured auto-
matically using Robias Astoria (v.4.1) software. The means of the fiber
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FIG 1 Affinity and potency of BYM338 at inhibiting myostatin (Mst) and activin A (Act A) signaling in a Smad2/3 CAG-luciferase reporter gene assay. (A) Affinity of
BYM338 for human ActRIIA (hActRIIA) and human ActRIIB (hActRIIB) determined by solution equilibrium titration. Shown are representative examples of the results
from 4 or 5 independent experiments. (B) Myostatin- and activin A-induced dose-dependent increases in Smad2/3 activity were measured with a CAGA-luciferase
reporter stably expressed in HEK293 cells. (C) The ActRII-dependent response was determined upon addition of myostatin (10 ng/ml) or activin A (10 ng/ml) in the
presence of increasing concentrations of BYM338. Shown are means + SEMs from 3 to 4 independent experiments. RGA, reporter gene assay; RLU, relative light units.

cross-sectional areas in each muscle section were determined, and the
frequency distributions of the fiber cross-sectional area were plotted.

Gene expression profiling. RNA samples were extracted from the gas-
trocnemius muscle of mice after 4 weeks of treatment with either BYM338
at 20 mg/kg or vehicle (n = 8). These RNA samples were subjected to
microarray analysis on Affymetrix GeneChip mouse genome 430 (v.2.0)
chips (Affymetrix, Santa Clara, CA) according to the manufacturer’s rec-
ommendations. All microarray statistical data analyses were performed as
reported previously (31).

Statistical analysis. All results are presented as the mean * standard
error of the mean (SEM) and were analyzed using one- or two-way anal-
ysis of variance (ANOVA) with the Dunnett or Bonferroni post hoc test or
an unpaired two-tailed Student ¢ test, according to the experimental de-
sign. Values were considered statistically significant at P values of <0.05.
Statistical analyses were performed by Prism software (GraphPad Soft-
ware, Inc., La Jolla, CA). Muscle weight was normalized to the body
weight at day 0 (initial body weight).

RESULTS

Binding properties and potency of BYM338. Bimagrumab
(BYM338) is a fully human anti-ActRII antibody developed by
MorphoSys AG (Munich, Germany) using its phage display tech-
nology. The affinity of BYM338 binding to human ActRIIA and
ActRIIB was analyzed using solution equilibrium titration (Fig.
1A). After incubation of the antibody with serial dilutions of the
respective antigen, an equilibrium dissociation constant (K,) of
1.7 = 0.3 pM was determined for human ActRIIB and a K, of
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434 + 25 pM was determined for ActRIIA. Therefore, the anti-
body has a binding preference for ActRIIB of greater than 200-fold
over that for ActRIIA, yet the affinity for ActRIIA is still in the
subnanomolar range. Detailed kinetic information, obtained with
surface plasmon resonance-based biosensor technology (Biacore
T-100) with human ActRIIA and ActRIIB captured on the chip
and the Fab of BYM338 as the analyte, corroborated the findings
presented above, with a K, of 4.62 = 3.82 pM for human ActRIIB
and a K}, of 490 £ 152 pM for human ActRIIA.

The potency of BYM338 for inhibition of signaling of ActRII
ligands was assessed in a Smad2/3 CAGA-luciferase reporter gene
assay in HEK293 cells (Fig. 1B). Both myostatin and activin A
induced Smad2/3-dependent luciferase responses in a dose-de-
pendent manner, with 50% effective concentrations (ECs,s) of
2.76 and 1.02 ng/ml, respectively (Fig. 1B). BYM338 inhibited
myostatin-induced luciferase production with a 50% inhibitory
concentration (ICy) of 154 = 73 pM (Fig. 1C). Similar dose-
dependent inhibition of activin A-induced luciferase by BYM338
was observed, with an ICs, value of 343 * 97 pM (Fig. 1C).

Promoting enhanced differentiation and hypertrophy of pri-
mary human skeletal muscle cells. The effects on myogenic dif-
ferentiation were assessed upon treatment with BYM338 using
primary human fetal or adult skeletal muscle cells. As shown in
Fig. 2A, by myosin heavy chain (MyHC) staining, BYM338 in-
creased differentiation and fusion 4 days after switching confluent
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FIG 2 ActRII inhibition relieves myostatin and activin A inhibition of differentiation. (A) Human primary myoblasts differentiated for 4 days in the absence
(control [ctrl]) and presence of myostatin (30 ng/ml) or activin A (30 ng/ml) alone and in combination with BYM338 (10 mg/ml) were stained for MyHC and
with DAPI. Shown are representative pictures. (B) Analysis of myotube diameters and the fusion index performed as described in Materials and Methods. Data
are expressed as a percentage of the values for the control. Shown are means = SEMs from 4 independent experiments. Asterisks indicate P values versus the
control; pound signs indicate P values versus samples without BYM338 treatment. ****, P < 0.0001; *** or ###, P < 0.001; ** or ##, P < 0.01; *, P < 0.05. (C)
BYM338 (mg/ml) reverses myostatin-induced Smad2/3 phosphorylation after 1 h of stimulation (myostatin was used at 10 ng/ml). At 24 h poststimulation,
BYM338 prevents a reduction in AKT phosphorylation resulting from myostatin stimulation. Shown are representative immunoblots. Tot, total. (D) Immu-
noblotting of myogenin versus tubulin (as aloading control) from human primary myoblasts differentiated for 2 or 3 days in the absence or presence of myostatin
(30 ng/ml) or activin A (30 ng/ml) alone and in combination with BYM338 (10 mg/ml). (E) Analysis of creatine kinase (CK) activity from myotubes that had been
differentiated for 3 or 4 days and treated with either myostatin (10 ng/ml) or activin A (10 ng/ml) in the presence of increasing concentration of BYM338. Shown

are means = SEMs from 3 or 4 independent experiments.

myoblasts to differentiation medium compared to those for the
control culture. This suggests that ligands involved in negative
regulation of differentiation are produced by myoblasts during
differentiation and act in a paracrine/autocrine manner on muscle
cells. Likewise, BYM338 also prevented the inhibition of differen-
tiation and fusion induced upon exogenous addition of myostatin
or activin A (Fig. 2A and B). BYM338 also convincingly reversed
the increase in Smad2/3 phosphorylation triggered by myostatin
stimulation, and it also prevented the subsequent myostatin-in-
duced reduction in P-AKT reported in a previous publication (16)
(Fig. 2C). Moreover, myostatin and activin A inhibited myoblast
differentiation, as reflected by inhibition of myogenin protein ex-
pression after 2 days of differentiation and by a reduction in cre-
atine kinase (CK) activity, with ECsys of 1.67 and 2.71 ng/ml,
respectively (Fig. 2D and E). Treating the cells during differentia-
tion with BYM338 increased myogenin levels and blocked the
negative effect of myostatin and activin A on the protein levels
(Fig. 2D). In addition, BYM338 enhanced differentiation, as mea-
sured by determination of an elevation in CK activity. Typically,
CK activity has been reported to increase throughout differentia-
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tion (32). Administration of BYM338 relieved both the myosta-
tin- and activin A-induced inhibition of differentiation, with ICs,s
of 519 + 231 pM and 3,105 = 1,114 pM (n = 4 or 5), respectively.

Human primary myotubes were cultured for 7 days in differ-
entiation medium. Myostatin and activin A treatment of these
human myotube cultures resulted in significant atrophy in com-
parison with that for the untreated controls and reduced the myo-
tube diameter and the differentiation index, all of which were at
least partially prevented by BYM338 treatment (Fig. 3A and B).
When human primary myotubes were treated with myostatin or
activin A, phosphorylation and activation of Smad2/3 occurred.
Administration of BYM338 significantly reduced the level of
Smad2/3 phosphorylation induced by either myostatin or activin
A (Fig. 3C). As reported previously (16), subsequent to Smad2/3
phosphorylation, myostatin and activin A caused a negative reg-
ulation of the IGF-1/AKT pathway through a reduction of AKT
phosphorylation. This again could be restored upon BYM338 ad-
ministration (Fig. 3D). Lastly, in primary human myotubes, myo-
statin and activin A induced a significant decrease in myosin heavy
chain levels; this may in part be due to a decrease in protein syn-
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FIG 3 ActRII inhibition relieves myostatin- and activin A-induced atrophy, (A) Human primary myotubes treated for 72 h in the absence (control) and presence
of myostatin (100 ng/ml) or activin A (100 ng/ml) alone and in combination with BYM338 (30 p.g/ml) were stained with anti-MyHC antibody and DAPI. Shown
are representative pictures. (B) Analysis of myotube diameters was performed as described in Materials and Methods. Data are expressed as a percentage of the
value for the control, as indicated in Material and Methods. Shown are means = SEMs from 4 independent experiments, Asterisks indicate P values versus
controls; pound signs indicate P values versus samples without BYM338 treatment. **** or ####, P < 0.0001; *** or ###, P < 0.001; ** or ##, P < 0.01; #, P < 0.05.
(C) Thelevel of Smad3 phosphorylation in myotubes treated for 2 h in the absence (control) and presence of myostatin (100 ng/ml) or activin A (100 ng/ml) alone
and in combination with BYM338 (30 pg/ml) was quantitated using the AlphaScreen SureFire protocol. Shown are means = SEMs from 4 independent
experiments. Asterisks indicate P values versus the control; pound signs indicate P values versus samples without BYM338 treatment. (D) Analysis of AKT
phosphorylation was performed using a MesoScale Discovery reader in myotubes treated for 24 h. Shown are means = SEMs from 6 or 7 independent
experiments. (E) Immunoblotting of MyHC from samples of myotubes incubated for 72 h. A blot representative of blots from three independent experiments

is shown.

thesis by blocking the AKT/mTOR pathway. This detrimental ef-
fect on myotube integrity and content could be prevented by
treatment with BYM338 (Fig. 3E).

Skeletal muscle hypertrophy in naive mice. BYM338 admin-
istration at 6 and 20 mg/kg for 4 weeks to young SCID mice pro-
moted an increase in body weight and skeletal muscle hypertrophy
of all examined muscles, slow, fast, and mixed, in a dose-depen-
dent manner (Fig. 4A and B). Hypertrophy was significant at both
6 and 20 mg/kg, with maximal increases reaching 25% to 50%,
depending on the examined muscle. The fiber cross-sectional area
distribution of the gastrocnemius/plantaris muscle was signifi-
cantly increased, reflecting hypertrophy, i.e., an increase in the
diameter of individual fibers (Fig. 4C) without changes in fiber
numbers (Fig. 4E). Additionally, BYM338 treatment did not sig-
nificantly alter the fiber type composition of the muscles (Fig. 4D),
confirming its ability to induce hypertrophy in all muscle types.

Microarray profiling was used to study the gene expression
effect in mouse gastrocnemius muscle after a 4-week treatment
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with BYM338 dosed at 20 mg/kg. Despite the strong hypertrophy
phenotype observed in the treated animals, only 58 genes were
found to be differentially regulated above the level of significance
between the treatment and control groups (47 upregulated and 11
downregulated) (Table 1). Interestingly, among the upregulated
genes, we found IGF1, a well-known marker of muscle growth.
Pathway analysis suggests that BYM338 treatment is associated
with extracellular matrix remodeling and downregulation of
translation and oxidative phosphorylation (data not shown).
Hypertrophy through inhibition of ligands beyond myosta-
tin. In order to investigate the importance of myostatin inhibition
and to determine whether inhibition of other ligands that signal
via ActRII was playing a significant role in the hypertrophy in-
duced by BYM338, we first compared the antibody with an inhib-
itor that neutralizes only myostatin, a stabilized myostatin pro-
peptide (D76A). This type of construct was reported in a prior
study (16) and validated to be a myostatin-specific inhibitor. The
in vitro activity of the myostatin propeptide (D76A) was con-
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FIG 4 Dose-dependent efficacy of BYM338 in naive SCID mice. (A) Body weight over 4 weeks of treatment with vehicle or BYM338 dosed weekly at 6 or 20
mg/kg. Absolute body weight change values are expressed as means = SEMs (1 = 9 or 10). (B) The weights of the tibialis anterior, EDL, gastrocnemius, and soleus
muscles were normalized by the initial body weight (BW). Values are expressed as the mean percent change from the value for the control = SEM (n = 9 or 10).
*, P < 0.05 versus the control; **, P < 0.01 versus the control (Student’s ¢ test). (C) Fiber cross-sectional area of the gastrocnemius muscle with the plantaris
muscle. The frequency distributions of the fiber cross-sectional area are plotted. Values are expressed as means = SEMs (n = 4 or 5). (D) Fiber type distribution
in the gastrocnemius muscle from control mice and mice treated with BYM338 at 20 mg/kg. Values are expressed as the percentage of the fiber type = SEM (n =
5or6). (E) Fiber number (indicated on the y axis) in the gastrocnemius muscle from vehicle-treated (white bar) and BYM2338 (20 mg/kg)-treated (striped bar)

mice expressed as means = SEMs (n = 5 or 6).

firmed using the CAGA-luciferase reporter gene assay in HEK293
cells described in the legends to Fig. 1B and C and also used to
characterize BYM338 (Fig. 5A). Both BYM338 and the myostatin
propeptide were administered weekly for 5 weeks to young SCID
mice; BYM338 was administered at 10 mg/kg, and the myostatin
propeptide was administered at 30 mg/kg (the dose applied was
higher than that applied in previously published studies [33, 34]).
Body weight increased throughout the treatment period, reaching
significance upon BYM338 treatment only (36% versus 15% for
myostatin propeptide). The 15% increase induced by the myosta-
tin propeptide is in line with that described in a prior publication
(16); the ActRII antibody was over 2-fold more efficacious (Fig.
5B). Muscle weights increased significantly in most muscles exam-
ined, with more pronounced increases demonstrated with
BYM338 (Fig. 5C). This greater increase in total muscle mass was
further corroborated by analyzing the fiber cross-sectional area
distribution, demonstrating that the factors were acting by in-
creasing fiber diameter, as opposed to fiber number (Fig. 5D). To
further examine the contribution of myostatin blockade to the
anabolic effects of BYM338, we administered CDD866, the mouse
chimeric equivalent to BYM338, to wt and myostatin mutant
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(Mstn™™™) mice, i.e., mice with a myostatin loss-of-function mu-
tation (35). We detected significant body weight, lean body mass,
and muscle weight (Fig. 5E to G) increases in both wild-type and
mutant mice upon CD866 treatment, confirming that BYM338
can induce muscle growth in adult mice by blocking a ligand(s)
other than just myostatin.

Prevention of glucocorticoid-induced muscle wasting. Cata-
bolic conditions are often associated with hypercortisolism, which
in turn plays a major role in skeletal muscle atrophy (36, 37).
Administration of high doses of glucocorticoids induces muscle
atrophy and is often associated with elevated myostatin levels (38).
The myostatin promoter bears several glucocorticoid response
elements, and myostatin deletion has been reported to prevent
glucocorticoid-induced muscle wasting (39). The ability of
BYM338 to protect muscles from glucocorticoid-induced atrophy
and weakness was assessed in a mouse model. BYM338 adminis-
tered concurrently with the glucocorticoid dexamethasone (DEX)
for 2 weeks prevented the loss of muscle mass, tetanic force, and
fiber cross-sectional area induced by DEX (Fig. 6A to C, respec-
tively). In addition, BYM338 reduced the level of the E3 ubiquitin
ligases induced by DEX, MAFbx, and MuRF1, which contribute to
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TABLE 1 Genes differentially expressed upon BYM338 treatment

Probe set

identifier Gene symbol Gene name Fold change®  Adjusted P value
1423261 _at 1500015010Rik  RIKEN c¢DNA 1500015010 gene 2.31 2.39E—03
1435605_at Actr3b ARP3 actin-related protein 3 homolog B (Saccharomyces cerevisiae) 2.3 2.38E—10
1416835_s_at Amdl S-Adenosylmethionine decarboxylase 1 1.91 1.45E—06
1452106_at Npnt Nephronectin 1.86 1.39E—05
1420569_at Chad Chondroadherin 1.82 5.51E—03
1449824 _at Prg4 Proteoglycan 4 (megakaryocyte-stimulating factor, articular superficial zone protein) 1.7 2.38E—04
1424268_at Smox Spermine oxidase 1.66 2.33E—04
1460555_at Famé65b Family with sequence similarity 65, member B 1.54 5.13E—07
1427884 _at Col3al Collagen, type III, alpha 1 1.48 6.43E—08
1421186_at Ccr2 Chemokine (C-C motif) receptor 2 1.48 1.48E—03
1423669_at Collal Collagen, type L, alpha 1 1.46 5.75E—10
1423110_at Colla2 Collagen, type I, alpha 2 1.46 1.90E—08
1448424 _at Frzb Frizzled-related protein 1.45 8.60E—03
1438009_at Histlh2ae Histone cluster 1, H2ae 1.43 1.08E—04
1423329 _at Gdapl Ganglioside-induced differentiation-associated protein 1 1.35 3.06E—04
1422789 _at Aldhla2 Aldehyde dehydrogenase family 1, subfamily A2 1.31 5.12E—04
1433893_s_at  Spag5 Sperm-associated antigen 5 1.29 2.42E—04
1422847 _a_at Prked Protein kinase C, delta 1.29 4.22E—10
1418713 _at Pcbdl Pterin 4 alpha carbinolamine dehydratase/dimerization cofactor of hepatocyte 1.25 1.90E—08

nuclear factor 1 alpha 1 (TCF1)
1416342_at Tnc Tenascin C 1.25 7.89E—03
1427239 _at 1ft122 Intraflagellar transport 122 homolog (Chlamydomonas) 1.24 1.00E—05
1425039_at Itgbll Integrin, beta-like 1 1.24 6.11E—04
1416318_at Serpinbla Serine (or cysteine) peptidase inhibitor, clade B, member la 1.22 3.38E—03
1439827_at Adamts12 A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type  1.22 7.55E—07
1 motif, 12

1451410_a_at  Crip3 Cysteine-rich protein 3 1.19 1.18E—04
1416601_a_at  Rcanl Regulator of calcineurin 1 1.15 4.83E—06
1448328_at Sh3bp2 SH3 domain binding protein 2 1.14 1.90E—08
1459913_at Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 1.14 7.85E—04
1434479_at Col5al Collagen, type V, alpha 1 1.13 3.55E—10
1419703_at Col5a3 Collagen, type V, alpha 3 1.12 7.53E—05
1434411_at Coll2al Collagen, type XII, alpha 1 1.11 8.54E—03
1451105_at Vash2 Vasohibin 2 1.1 1.33E—04
1442019_at Revrn Recoverin 1.1 1.45E—03
1428420_a_at  1200009I106Rik RIKEN c¢DNA 1200009106 gene 1.07 5.20E—04
1434997_at Cdk19 Cyclin-dependent kinase 19 1.05 2.13E—10
1451353 _at Tmo6sfl Transmembrane 6 superfamily member 1 1.05 1.47E—05
1460248_at Cpxm?2 Carboxypeptidase X2 (M14 family) 1.04 2.82E—03
1429566_a_at  Hipk2 Homeodomain-interacting protein kinase 2 1.03 2.11E—08
1421926_at Mapkl11 Mitogen-activated protein kinase 11 1.03 7.47E—05
1425156_at Gbp7 Guanylate binding protein 7 1.02 5.30E—03
1429553 _at Cilp2 Cartilage intermediate layer protein 2 1.01 8.92E—03
1448698_at Cendl Cyclin D1 1.01 3.81E—03
1421851 _at Mtaplb Microtubule-associated protein 1B 1 1.13E—02
1425631 _at Ppplr3c Protein phosphatase 1, regulatory (inhibitor) subunit 3C 1 8.77E—03
1424870_at Osbpl10 Oxysterol binding protein-like 10 0.98 7.72E—07
1419519_at Igfl Insulin-like growth factor 1 0.98 1.96E—07
1460218_at Cds2 CD52 antigen 0.98 9.29E—03
1444128 _at Arhgap26 Rho GTPase-activating protein 26 —1.09 1.06E—04
1434628_a_at  C230052I12Rik  RIKEN ¢cDNA C230052112 gene —1.12 5.02E—09
1417155_at Mycn v-myc myelocytomatosis virus-related oncogene, neuroblastoma derived (avian) —1.25 1.66E—03
1454995_at Ddah1 Dimethylarginine dimethylaminohydrolase 1 —1.37 7.72E—07
1422580_at Myl4 Myosin, light polypeptide 4 —14 1.72E—06
1416383_a_at  Pcx Pyruvate carboxylase —1.41 2.62E—06
1428352 _at Arrdc2 Arrestin domain containing 2 —1.44 2.43E—03
1445186_at Stc2 Stanniocalcin 2 —1.49 2.67E—05
1418697_at Inmt Indolethylamine N-methyltransferase —1.64 1.95E—04
1447016_at Tbcldl TBC1 domain family, member 1 —2.36 1.88E—06
1432001 _at Zmynd17 Zinc finger, MYND domain containing 17 —2.61 3.92E—04

@ Fold changes are expressed in log, scale.
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FIG 5 Comparison of efficacy of anti-ActRII antibody treatment versus pharmacological or genetic myostatin inhibition. (A) Inhibition of CAGA-luciferase
reporter gene activity induced with 10 ng/ml myostatin with various concentrations of mutant D76A propeptide. (B) Body weight. (C and D) Weight of the
gastrocnemius muscle with the plantaris muscle (C) and cross-sectional area of the gastrocnemius muscle with the plantaris muscle (D) from naive SCID mice
administered BYM338 (10 mg/kg; striped bar), myostatin propeptide D76A (30 mg/kg; gray bar), or PBS (white bar) i.p. weekly for 5 weeks with an additional
administration on day 3. Muscle weight was normalized to the initial body weight measured on day 0. Absolute body weight change values are expressed as
means = SEMs (n = 9 or 10). *, P < 0.05 versus the group treated with PBS; **, P < 0.01 versus the group treated with PBS (Dunnett’s test following ANOVA).
(E to G) Body weight (E), lean mass (F), and tibialis anterior muscle weight (G) of wild-type mice (n = 10/group) and Mstn"* mice (n = 8/group) administered
CDD866, murinized BYM338 (20 mg/kg), or PBS s.c. weekly on days 0, 7, 14, 21, and 28. Body weight and lean mass were measured on day 0 and day 21 using
a mouse body composition NMR analyzer. Data are presented as the mean * SEM and were analyzed with a one-way ANOVA with a Bonferroni post hoc test.
*, P < 0.05 compared with wt with the same treatment; #, P < 0.05 compared with vehicle-treated mice with the same genotype. Muscle weights are expressed
as the percent difference from the results for wt mice treated with vehicle.

muscle atrophy by degrading key substrates (40—42) (Fig. 6D). and mortality in the rapidly increasing aged population (2). Thus,

Furthermore, when administered after 3 weeks of DEX treatment it should not be surprising that effective treatments resulting in

and DEX withdrawal, two weekly doses of BYM338 were able to  sparing of skeletal muscle under disease conditions are actively

dose dependently enhance the recovery of skeletal muscle mass being sought.

(Fig. 6E). The simple blockade of myostatin was among the earliest and
These findings demonstrate that use of BYM338 can facilitate  most obvious treatment strategies. This is because of the dramatic

recovery from or prevent skeletal muscle atrophy and weakness

- i ¢ Top hypertrophy seen in a variety of myostatin-null animals and in a
under conditions associated with hypercortisolism.

human who was null for this ligand (5-9). Some interesting cor-
DISCUSSION relations between myostatin levels and cachexic muscle loss have
been reported in preclinical mouse models, as well as in human
diseases (43). However, the levels of myostatin reported in hu-
mans are lower than those seen in rodents (44—46), and even in

chexia associated with serious conditions, such as cancer, chronic }'odents, more modest effects are seen When myostatl.n is blocked
obstructive pulmonary disease (COPD), and chronic kidney dis- 1™ adult animals '(33, 47') than when. it is blocked durn}g develop-
ease (CKD). The presence of cachexia is a significant risk factor ~Ment: These findings raise th.e question as to the effectiveness thftt
predicting an increased likelihood of death from these already —©1€ might expect from blocking myostatin alone, as opposed to, in
serious conditions. Indeed, it was demonstrated in a mouse model ~ addition, inhibiting the other ligands that contribute to the nega-
of cancer cachexia that a muscle-sparing treatment, use of the tive regulation of muscle mass by signaling through the same re-
ActRIIB trap, which prevented the loss of skeletal muscle but did ~ ceptor. Indeed, specific treatment with an antimyostatin anti-
not affect tumor mass, nevertheless resulted in a significant im- ~ body, JA16 (10), resulted in just a 15% increase in muscle mass,
provement in survival (24). Furthermore, the loss of skeletal mus- ~ much less than that observed in the knockout animals; this per-
cle mass associated with old age, called “sarcopenia,” is well doc-  haps suggests that myostatin’s major role is during development
umented, and the resulting frailty is a major cause of morbidity and opens up the possibility that other factors are either more

There is a dearth of available treatments for disease-, age-, and
injury-related loss of skeletal muscle. Skeletal muscle atrophy re-
sults in weakness and frailty. Also, it appears in the form of ca-
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FIG 6 Anti-ActRII antibody efficacy at preventing (A to D) and reversing (E) glucocorticoid-induced atrophy. (A) Weights of the gastrocnemius/plantaris
(Gastroc/Plantaris) and tibialis cranialis muscles expressed as the percent difference relative to the weights for the water-treated control group; (B) evoked peak
tetanic force of the tibialis cranialis muscle; (C) mean cross-sectional area (CSA) of muscle fibers in the tibialis cranialis muscle; (D) MAFbx and MuRF1 mRNA
expression in the tibialis cranialis muscle relative to that in the control group after 14 days of treatment with DEX at ~2.4 mg/kg/day in drinking water
coadministered with BYM338 at 5 and 20 mg/kg or the IgG1-LALA isotype at 20 mg/kg i.p. at days 0, 2, and 7. (E) Weights of the gastrocnemius/plantaris and
tibialis cranialis muscles, expressed as the percent difference relative to the water-treated control group, from mice that received DEX daily in the drinking water
at ~2.4 mg/kg/day for 21 days and administered BYM338 at 5 and 20 mg/kg or the IgG1-LALA isotype at 20 mg/kgi.p. on days 21, 23, and 28. Data are presented
as means = SEMs (n = 7 to 10). Group means were compared by one-way ANOVA followed by Tukey’s or Dunnett’s multiple-comparison test, as appropriate.
Differences were considered significant at P values of <0.05 (*, **, ***, and ****, P < 0.05, 0.01, 0.001, and 0.0001 versus the group treated with vehicle,

respectively; #, ##, ###, and ####, P < 0.05, 0.01, 0.001, and 0.0001 versus the group treated with DEX, respectively).

important or at least also contribute to the adult maintenance of
skeletal muscle mass. This implication was strengthened by the
genetic cross of the myostatin-null mouse with a follistatin trans-
genic animal, resulting in much greater hypertrophy (48). These
data clearly indicated that factors beyond myostatin which could
still bind follistatin, such as the activins, play a role in the control
of muscle size. Finally, in a direct experiment, it was shown that in
addition to myostatin, the closely related GDF11 and the activins
all were capable of inhibiting myoblast differentiation and causing
myotube atrophy (16), further implicating the ActRII receptors as
potential targets for therapeutic blockade.

Therefore, we produced a human antibody to the ActRII re-
ceptors, BYM338, which binds ActRIIB at least 200-fold better
than it binds ActRIIA (given the relative dissociation equilibrium
constants of 1.7 pM versus 434 pM, respectively). This antibody
was capable of inhibiting the activity of myostatin and the activins
on skeletal myoblasts and myotubes, as demonstrated by a de-
crease in the Smad2/3 phosphorylation and subsequent gene ex-
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pression activation caused by the Smad transcription factors.
BYM338 also restored the AKT-mediated signaling inhibited by
these ligands. This restoration of AKT phosphorylation is impor-
tant, since AKT has been shown in prior studies to be required for
weight-bearing-induced skeletal muscle hypertrophy; we have
also previously shown that AKT activates mTOR-mediated phos-
phorylation of p70S6 kinase in skeletal muscle (49) and inhibits
GSK3, resulting in muscle hypertrophy (50). However, adminis-
tration of an ActRIIB receptor trap to AKT1- and AKT2-deficient
mice still induced a significant increase in muscle mass, demon-
strating that there are additional, AKT-independent pathways
which contribute to the overall hypertrophic phenotype (21).

BYM338 resulted in significant skeletal muscle hypertrophy
when administered in vivo. The sparing of skeletal muscle was
accompanied by an increase in the muscle fiber diameter, demon-
strating that the effect is via true hypertrophy, as opposed to hy-
perplasia. Hypertrophy was clearly demonstrated in all examined
muscles and in all fiber types, fast or slow.
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In comparison to a myostatin-propeptide construct, which
blocks myostatin only, the antibody produced a dramatically bet-
ter response: more than 2-fold the hypertrophy seen with myosta-
tin blockade alone. Furthermore, BYM338 could induce hyper-
trophy in a myostatin-null animal, further demonstrating that in
adult animals myostatin is not the only TGF-p family member
controlling muscle mass. Prior studies had suggested this as well
(10, 18), but this is the first demonstration that an antibody di-
rected at the ActRII receptor can induce significantly greater hy-
pertrophy than myostatin inhibition alone; the point had been
made with the ActRIIB trap, but that molecule can actually also
bind other ligands that can signal through distinct TGF-$ family
member receptors (13). A microarray analysis for genes perturbed
to a significant degree in gastrocnemius muscle after 4 weeks of
treatment demonstrated an upregulation of IGF-1, providing an
interesting point of cross talk between the pathways. This finding
provides a further mechanism as to how ActRII inhibition results
in restoration of AKT signaling.

The ability to induce skeletal muscle hypertrophy in a healthy
animal does not necessarily translate into efficacy in a disease con-
dition, since there is no guarantee that a prohypertrophy mecha-
nism will be dominant over the pathways inducing skeletal muscle
atrophy. Therefore, the glucocorticoid dexamethasone (DEX) was
used to induce muscle atrophy. Many cachectic settings are ac-
companied by high cortisol levels, including COPD, kidney ca-
chexia, and acute severe burns (36, 37, 51). Also, simple treatment
with high doses of glucocorticoids for therapeutic purposes, such
as when there is a traumatic brain injury, is sufficient to induce
skeletal muscle atrophy (52). In settings of DEX-induced atrophy,
BYM338 was able to both prevent the loss of skeletal muscle mass
when given coincident with the glucocorticoid and enhance the
recovery from muscle atrophy when administered after the atro-
phy occurred. BYM338 also significantly preserved muscle func-
tion, as DEX-induced atrophy led to a tetanic force loss of more
than 20%, which was fully reversed by BYM338 treatment. There
is some controversy regarding an increase in specific force in myo-
statin-deficient mice, since the overall increase in mass is so
large that while an increase in total force is achieved, the force
per mass is actually lower; this could be due to the awkward
angling of the fibers in the grossly hypertrophic tissue com-
bined with the lack of actual training of the muscle in these
animals (53); nevertheless, there is clear evidence of improved
muscle function in other settings of reduced myostatin, such as
in whippet dogs, where heterozygous myostatin mutant ani-
mals display an impressive increase in muscle mass coupled to
increased performance, i.e., racing speed (9). Altogether, solu-
ble ActRIIB-Fc administered to AKT1- or AKT2-knockout
mice positively regulated muscle size, strength, and contrac-
tion (21). Similarly, protection from cancer cachexia using
pharmacological intervention with soluble ActRIIB-Fc has
been demonstrated through preservation of both muscle mass
and function (54).

The demonstration of preclinical efficacy with a blocking anti-
body to ActRII establishes a middle ground between the restricted
blockade of myostatin, on the one hand, and the use of an ActRIIB
soluble receptor as a trap, on the other hand, which can be a sink
for ligands such as BMP9/10, binding additional receptors like
BMPRII/ALkI (13).

The data presented in this study suggest that the BYM338 an-
tibody could be an effective treatment for important clinical set-
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tings of skeletal muscle atrophy. Furthermore, on the basis of re-
cent findings, blockade of activin type Il receptors via an antibody
approach may also represent a novel therapeutic modality to aid in
switching the metabolic balance between adiposity and muscular-
ity, since an increase in skeletal muscle mass via inhibition of the
myostatin pathway was accompanied by a decrease in white adi-
pose tissue in mice on a normal or high-fat diet (55). One recently
identified mechanism helping to explain this effect is that an Ac-
tRIIB antibody has been shown to induce a functional increase in
brown fat (56), resulting in enhanced heat production by actually
increasing the lipid content in the brown fat tissue (56). Therefore,
the potential metabolic benefit of an anti-ActRII antibody ap-
proach may relate to a combined increase of functional lean body
mass and brown fat. Finally, there have been suggestions that
ActRIIB inhibition can also be helpful in settings of heart failure
(43) and in those settings where inflammatory cytokines induce
muscle loss; under such conditions, there is an interesting cross
talk between the cytokine pathway and TGF-B signaling, since
downstream of NF-kB in the cytokine pathway, there is an induc-
tion of activin A production in the muscle, causing muscle atro-
phy. Therefore, the ActRII antibody approach should be uniquely
effective in preventing atrophy induced by inflammation (16).

In summary, there are quite a few settings where inhibition of
the ActRII pathway may be of benefit. Such treatments are clearly
needed, given the complete and surprising lack of effective options
for patients with muscle loss, frailty, and weakness.
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